Introduction

24
Simulations of the climatological wind speed distribution near the surface are a necessary 25 part of the modeling chain for wind resource assessment. This is particularly valuable where 
63
Despite the advantages of nudging in the WRF model, there is a risk that some of the 64 variability in the regional climate model will be damped by the nudging. For example, the AEP, which relies on the full distribution of wind speed, or extreme winds, which rely 78 on one tail of the distribution.
79
In this work, we conduct year-long simulations over the South Baltic region using the 
Experimental Setup
91
The three year-long simulations were run using the WRF model version 3.2.1 for 2010.
92
Although wind climates are based on more than one year of data, this is a sensitivity study, Three configurations of the WRF model were tested. In the first configuration, the WRF 99 model was re-initialized at 00 UTC for each day of 2010, and run for 36 hours in each case.
100
By discarding a 12 hour spin-up time, the 24 hour time series starting at 12 UTC each day 101 gave continuous coverage of the year. This simulation is referred to as the 'SHORT' model 102 run (Table 1) , and is considered the 'control' because there is no smoothing effect from the nudging, and because this is the typical method chosen for wind climate estimations (eg.
In the second configuration, the WRF model was re-initialized at 00 UTC every ten days,
106
and run for 11 days in each case. Discarding a 24-hour spin-up time, the 10-day periods 107 gave an analogous coverage to the short experiment. This simulation is labeled 'LONG-G' 108 in Table 1 . Grid point nudging (Skamarock et al. 2008 ) was used to constrain the large scale layer. However, due to concerns about nudging being applied close to the surface when 123 the boundary layer height is small during stable conditions, this option was avoided. The 124 nudging coefficient for all nudged fields was zero for levels 1-10, 3×10
−5 s −1 at level 11, and
125
3×10
−4 s −1 for level 12 to the top of the model at 50 hPa.
126
The third configuration of the WRF model (labeled 'LONG-S' in Spatial power spectra of the modeled wind speed were calculated as described in the
167
Appendix for each west-east transect of the domain, and averaged over all such transects.
168
Each west-east transect was detrended prior to calculating the power spectra. As described 169 in the Appendix, a Hanning window was applied to each transect to alleviate end effects.
170
In the temporal domain, the same procedure was used to calculate frequency spectra of 24
171
hour time series at each grid point.
172
The sum of the coefficients of the power spectrum is equal to the variance of the time series 
where T 1 = 2 hours and T 2 = 8 hours, S(f ) is the power spectrum, f is the frequency, and 179 ∆f is the width of the frequency bins.
180
The spatial analogy of the mesoscale variance is
where x 1 and x 2 are two length scales, S(k) is the spatial power spectrum and k is the 182 wavenumber. We chose x 1 and x 2 to be 72 and 288 km respectively, which relate to the showed that the bias in mean wind speed was less than 3.6% at five offshore sites in the North
222
and Baltic Seas with measurements from higher than 70 m above ground level. Poorer results
223
were found for one offshore site that was in close proximity to a wind farm and located in there is variation in the ratio of standard deviation to mean wind of between 4% and 8% 245 over the sea that is not reflected in the mean wind speed.
246
Although validation of the mean wind speed is of obvious importance, these results show 247 that mesoscale wind variability should also be validated independently. This is important variance, because a unique spectrum for every grid point can be calculated.
262
Spatial spectra were calculated along each row of the domains using the squared coeffi- spectra may be subject to aliasing at the highest wavenumbers.
274
In Fig. 6 , the average spatial spectra for the one year period are shown for L2 and L11, the spectrum of the SHORT experiment. This is seen most clearly in the ratio of the spectra 296 of the long simulations to that of the short simulations (Fig 6d) , which for the spectral nudg- dependent nudging may be too short. The ratios of the spectra (Fig 6d) show that at the 
314
For the 5 km domain, the variance is also somewhat suppressed at L11 ( 
323
In Fig. 7 , analogous plots to those in Fig. 6 are shown, but for wind speed spectra in 324 the temporal domain. The same methodology as for the spatial spectra described in the prior to calculating the spectra, analogous to the methodology for the spatial transects. Five 332 grid points from the domain boundary were discarded when calculating the average spectra.
333
The spectra show the average variance as a function of frequency and timescale. The spectra
334
were calculated in blocks of 1 day, so the longest resolved timescale is 24 hours, and since 335 the model output was saved hourly, the shortest timescale displayed in the figures is 2 hours,
336
although aliasing may introduce errors into the spectra at this timescale. The spatial and 337 temporal spectra may be related using an approximate Taylor transformation, where waves 338 at the minimum of the ratio between the spectrally nudged and short experiment have a 339 wavelength of 280 km (from Fig. 6 ) and a timescale of about 8 hours (from Fig. 7 ), using nudged experiments transitions to be closer to that of the short experiment at the highest 342 frequencies, but never fully recovers the amplitude of the short experiment. The temporal 343 spectra cover timescales longer than 2 hours, which using a nominal wind speed of 10 m s −1 ,
344
relates to wavelengths greater than around 72 km on the spatial spectra.
345 Figure 8 shows the modeled and observed temporal wind speed spectra for the 11 valida-346 tion sites that were described in section 3. The model spectra are a subset of those that were 347 averaged over the whole domain in Fig. 7 , chosen as the closest model grid points to the 348 observational sites and vertically interpolated to match the heights of the observations. The seen.
356 Figure 9 shows the modeled mesoscale variance (Eq. 1) from the spectra in Fig. 8 
371
The most obvious trend in all the plots is that the variance is higher over the sea than 
376
This result is consistent with the observed spectra and mesoscale variance in Figs. 8 and 9.
377
Furthermore, all experiments on both domains at L2 and L11 show reduced variance around 378 the boundaries where the smoother fields are inherited from the boundaries.
379
For the 15 km domain (Fig. 10) LONG-G experiment than in the LONG-S experiment.
389
For the 5 km domain (Fig. 11) , there is little impact of grid or spectral nudging of the 390 15 km domain at L2, but at L11 the variance is suppressed both over the Baltic Sea, where variance at the wavenumbers for which the nudging is specified, which then transitions to a 404 spectrum similar to that of the short experiment for higher wave numbers (Figs. 6 and 7) .
405
Both the spatial and temporal spectra for the 5 km domain transition to a shallower 406 spectral slope in the mesoscale part of the spectrum than that in the sub-mesoscale range,
407
with the transition occurring at around 320 km for the spatial spectra and around 14 hours 408 for the temporal spectra (Figs. 6 and 7) . However, neither spectrum attains the spectral 
416
There are some important differences between the spatial and temporal spectra, particu- and sea breeze circulations that could be more sensitive to nudging. This is an interesting 425 difference between the spatial and temporal spectra, and points to a potential limitation of 426 using spatial spectra to study the variability in mesoscale processes near the surface.
427
The maps of mesoscale variance for the 15 km domain (Fig. 10) show that mesoscale 428 variance is suppressed in the two experiments with nudging relative to the SHORT experi-429 ment. Averaged over the whole domain and whole simulation period, the mesoscale variance 430 is reduced by 26% at L2 and 64% at L11 in the LONG-G experiments when compared with 431 the SHORT experiment, and by 16% at L2 and 38% at L11 in the LONG-S experiments.
432
Although the correct spatial distribution of mesoscale variance is unknown, the comparison 433 with observations suggests that it is underestimated in all the experiments presented here.
434
The differences in mesoscale variance between the short experiment and the long experi- be impossible to see using spatial spectra alone.
460 Figure 6 shows that the spectrum of the experiments with spectral nudging is nearly 461 identical to that of the grid nudging spectrum at low wavenumbers, then transitions to a 462 spectrum that is more similar to that of the short experiment at the highest wave numbers.
463
At the lowest wavenumbers, the spectrum of the short experiment is also close to that from the large scale forcing, but at the highest wavenumbers, the short spectrum reflects the 465 fact that the mesoscale model has spun-up more variance than was in the large scale forcing.
466
Around this transition region, there is a minimum in the ratio of the spectrum of the spectral 
Conclusions
494
In this study, spatial and temporal spectra were used to compare the mesoscale variability 495 in regional climate simulations with daily initialization, grid nudging and spectral nudging.
496
In agreement with other studies, it was found that grid nudging results in a smoothing 497 at all wavelengths, while spectral nudging mainly affects longer wavelengths. Integrating mesoscale variance is an interesting area for further study.
532
The analysis of the spatial and temporal spectra reflected the same trends, but are not 533 identical. This is partly because the spatial spectra are influenced by stationary topographic 534 effects (since we consider the wind speed at an approximately constant height above ground 535 level), and partly because the Taylor hypothesis will not apply in all cases at the wavelengths 536 that we consider. For the spatial spectra, two-dimensional longitudinal spectra were used, observation nudging on the evolution and maintenance of mesoscale variability.
541
The results suggest that running the model for 10-day periods without re-initialization 542 21 and with grid or spectral nudging applied to an outer nest is a reasonable configuration 
where U is the wind speed along a transect of the domain, j is the index of the gridpoint,
561
W is the window function, k is the wavenumber, i = √ −1 and N is the length of U (e.g. 
The power spectrum, S(k) is then calculated as
where C w is a correction due to the window function (e.g. Welch 1967),
and f s is the sampling resolution, in this case equal to . Ratio of the spatial wind speed spectra of the LONG-G experiments (solid) and LONG-S (dashed) to the wind speed spectra of the SHORT experiment for L2 (c) and L11 (d). The red curves relate to the 5 km domain and the black curves relate to the 15 km domain. 
37
